Within the present study the elastic response of a flexible open cell polyurethane foam was studied by means of experimental compression tests and finite element (FE) modelling. The compression tests revealed a pronounced sample size effect which was taken into account using an analytical model. In order to eliminate the sample size and damage effects, a minimal sample size of at least 50 times the cell size was necessary in the case of the flexible foam. Surface evolver software was used to model the open cell foam structures. The FE unit cells are based on the well-known Kelvin cell and the more complex Weaire-Phelan cell topology. In both cases the cross sectional shape of the cell edges was completely determined by the minimisation of the surface energy. The thus build FE-models possess a good resemblance to real open cell foam structures. The influence of relative density and shape anisotropy on the elastic properties of the cellular structures was analysed using the FE-models.
Introduction
Polyurethane foams exist in a wide variety of properties ranging from flexible and open celled to rigid with almost 100% closed cells. Therefore this material can be found in multiple applications such as thermal insulation in house building, cushioning in furniture or automotive seating, spacer material in sandwich structures and filtration parts in a vacuum cleaner (Randall and Lee [1] ). The generation of the cellular structure in polyurethane foams is dominated by surface tension which distinguishes them from other foamed thermoplastics (Mills [2] ). Because of these two reasons a lot of research has been done on the morphology and mechanical behaviour of foams in general and open cell polyurethane foams in particular.
The morphology of foam is characterised by the number and type of cell faces and the cross sectional area, shape and length of the cell edges. These characteristics were first quantified by the observations of (Matzke [3] ) and were confirmed using (electron) microscopy (Gong et al. [4] , Mills [5] ) and CTimaging more recently (Jang et al. [6] , Wismans et al. [7] ). In general, a cell with 14 faces and a face with 5 edges proved to be the most abundant.
Another approach to study cellular materials is the search for a unit cell to divide space with a minimal surface energy. The most well-known solution for this problem is the 14 sided Kelvin cell. In contrast to experimental observations this unit cell consists of six square and eight hexagonal faces and possesses no pentagonal faces. This shortcoming is met by the Weaire-Phelan (Phelan et al. [8] ) and P42 (Gabbrielli [9] ) structures by making use of respectively 2 and 4 different volumes in one unit cell. This increased complexity of the unit cells produces a lower surface energy and better correspondence with experimental foam morphology compared to the common Kelvin cell. Within this research the Kelvin and Weaire-Phelan cell were selected to model the open cell foam structure.
Based on the bending of the cell edges of a rudimental cubic unit cell Gibson and Ashby developed a power law relationship between the stiffness and density of a cellular structure (Gibson and Ashby [10] ). This model was later confirmed by applying its principles on the Kelvin cell geometry (Warren and Kraynik [11] ). More detailed models including cell shape anisotropy and cell edges with a plateau border shaped cross section were developed by Gong et al. [4] and Jang et al. [6] . Surface evolver software was used by Jang et al. [6] and Mills [5] in order to build foam models with a minimised surface energy of the cell edges to obtain a remarkable resemblance to real foam structures. The most recent developed is the use of computed tomography images as a source for foam models (Wismans et al. [7] ).
This study focuses on the development of FE-models of the Kelvin and Weaire-Phelan unit cell to determine the elastic response of open cell polyurethane foams. Surface evolver software was used to minimise the surface energy of the cell edges and produce FE-models which imitate real foams as good as possible. Experimental compression tests were performed to determine the stiffness of the open cell foam and validate the FE-models.
Foam morphology
The morphology of two types of commercially available open cell polyurethane foam was investigated. Both foam types were industrially produced and possessed an almost identical density with a maximum difference of 7%. The cell size of the foams was determined by means of optical microscopy and was found to be 0,885mm and 2,621mm. In order to analyse the number of faces per cell and number of edges per face, 10 single cells were manually cut out and analysed. Figures 1 and 2 presents the results of these observations and compares them to literature values and possible unit cells for foam modelling. The experimentally observed morphology of the polyurethane foam is in excellent agreement with the values from literature. When the possible unit cells are compared to the experimental data, the P42a cell represents the real foam morphology the best. However, the FE-modelling was based on the more common Kelvin Cell and the Weaire-Phelan cell to keep the complexity of the FE-models acceptable.
Foam cells are often elongated in one direction due to the foaming process during production. This elongation is quantified by the shape anisotropy λ which is defined as the ratio of the length to the width of the cell. This quantity was determined on the same singe cell samples as before. The samples were rotated 4 times along the longitudinal axis over 90° when measuring the length and width of the cells. This was done in order to average the irregular ellipsoidal shape of the cells and obtain a reliable value for the shape anisotropy. An average shape anisotropy of 1.41 with a standard deviation of 0.11 was found, which is in agreement to the values reported by Gong et al. [4] . 
Experimental compression tests
Compression tests in the rise direction of the open cell foam were performed in order to determine the elastic response of the material. All the samples had a square base and a height to width ratio of 2/3. Samples with a height of 20, 30, 45, 60 and 90mm were tested to determine the cell size effect. Moreover the first set of samples was cut with a knife while a saw was used for the second set. This distinction was made to investigate the influence of the sample damage on the stiffness response of the material due to the preparation method.
The sample size and damage effect was modelled using the size effects model developed by Onck et al. [12] In short, this model divides the sample into different volumes and appoints to each volume a local stiffness depending on the local boundary conditions. In this way the material in the centre of the sample will be linked to a higher stiffness compared to the material on the edge of the sample. Due to the unrestricted movement of the cell edges, the latter volume will actually get a zero-stiffness as it does not contribute to the mechanical response of the foam sample. More details on this model can be found in the relevant literature (Onck et al. [12] , Andrews et al. [13] ).
The foams were compressed with a constant strain rate of 1.6.10 -3 s -1 (ASTM standard [14] ). All compression tests were repeated 10 times and statistically analysed with a p-value for significant difference of 0.05. over cell size ratio. The stiffness of the foams clearly increases with increasing sample size up to a certain plateau value. This indicates a pronounced sample size effect. In contrast to the small cell size foam, the plateau value was not fully reached within the selected sample size range for the large cell open cell foam. Based on the obtained results, a sample size of at least 50 times the cell size is needed in order to assume no significant influence of the sample size on the stiffness. Moreover, the cell size has no significant influence on the stiffness of the foam. The noticeable differences between the cell sizes are actually caused by small differences in density. The experimental data also indicate the influence of the sample preparation method. It is clear that the samples which were prepared using a saw are a lot more damaged compared to the samples which were cut with a knife.
Modelling of the open cell and complex foam 4.1 Building the FE-model
In total three different FE-models were build: (1) a Kelvin cell FE-model with cylindrical cell edges as a first approximation, (2) a Kelvin cell FE-model in which the minimization of the surface energy determined the shape of the cell edges and (3) a Weaire-Phelan cell FE-model based on a similar surface energy minimisation.
In order to build the latter two models and homogenise their stiffness properties, different software package were linked through the scheme presented in figure 5. Workflow for the construction of a Kelvin and Weaire-Phelan FE unit cell with periodic boundary conditions. The shape of the cell edges is completely governed by the surface energy minimisation within the surface evolver software.
The geometries of both unit cells are available within the standard surface evolver software (fig 6) (Brakke [15] ). These files represent a dry closed cell foam which was transformed into a wet foam using the 'wetfoam.cmd' command ( fig 6) . Initially the cell edges of the wet foam are represented by nearly-equilateral triangular cross sections which replace the line edges of the 
FE-Analysis
Apply periodic boundary conditions (NX-Nastran) Two dry foam Kelvin cells build with standard surface evolver files (left), the same Kelvin cells transformed into a wet foam by adding material on the cell edges. These cell edges have a near-equilateral triangular cross sectional shape (middle), two Kelvin cells after minimsing the surface energy of the structure. The cross sectional shape of the cell edges is now the typical plateau border shape (right).
Process data Homogenisation
The obtained structure was exported as an ansys format file and processed via scripting. This was done in order to transform the surface evolver data into a readable FE-model for the Nastran solver. The transformation of the data includes the removal of the cell faces, repositioning of the nodes on the boundaries to comply with periodic boundary conditions and mirror and rotate the nodes and elements to construct a complete unit cell out of 1/8 of the unit cell (fig 7) . In order to investigate the influence of anisotropy λ, different models were elongated in one direction ( fig. 7 ). Quadratic tetragonal elements were used to build a full 3D model of the unit cells. The FE-models were loaded with periodic boundary conditions within the Siemens-NX software and solved with a Nastran solver. Asymptotic homogenisation was used to reconstruct the stiffness tensor of the cellular structure. The engineering constants were derived out of this stiffness tensor.
Results and discussion
The influence of the relative density on the elastic material properties of the open cell foam is presented in figures 8, 9 and 10. A solid material stiffness of 69MPa and poisson coefficient of 0.4 was used for all FE-models (Gong et al. [4] ). Influence of relative density on the stiffness of open cell foams with an anisotropy of 1 modelled by different FE-models and compared against the analytical models of Gibson and Ashby [10] and Gong et al. [4] . Figure 8 indicates that both models with a minimised surface energy possess a similar dependence of stiffness on the density of the foam. When the open cell foam is modelled as a Kelvin cell with a circular cross sectional shape of the cell edges, the structure behaves significantly less stiff. This can be explained by the bending dominated deformation mechanism of the open cell. Since the moment of inertia of a plateau border shape is 70% higher compared to a circle with identical surface area, the stiffer response of the minimal surface energy models was expected. The model of Gibson and Ashby [10] is based on a simple cubical unit cell and classical beam theory to determine the stiffness of a cellular structure. This model uses a high degree of simplification which results in a [10] and Gong [4] . Figure 9 presents the dependence of the poisson coefficient on the relative density. In agreement to the stiffness results in figure 8 , both models with a minimised surface energy show a similar behaviour. Except for the results of Gibson and Ashby all models show a decreasing poisson coefficient with increasing foam density. The poisson ratio value of 1/3 suggested by Gibson and Ashby is based on a linear elastic isotropic assumption and partially on experimental data. The former is however not necessarily the case for open cell polyurethane foams. The FE-models with minimised surface energy seem to predict a stronger dependency of the poisson ratio on density than the nearly coinciding analytical model of Gong et al. [4] and the FE-model with circular cell edges. The higher the ratio of bending to tensile stiffness of the cell edges is, the steeper the decrease in poisson ratio will be (Zhu et al. [17] ). This is confirmed by the comparison between the FE-models with circular cell edges foams with an anisotropy of 1 modelled by different FE-models and compared to the analytical models of Gibson and Ashby [10] and Gong et al. [4] .
As in the case of the stiffness, the dependency of the shear stiffness on the relative density can be approximated by a power law relationship. The shear stiffness of the different FE-models increases with increasing similarity of the unit cell to a real foam topology. In this way the minimal surface energy model of the Weaire-Phelan unit cell predicts the stiffest response and agrees with the analytical model of Gong et al. [4] .
The influence of the anisotropy of the foam cells on the stiffness is presented in figure 11 . A linearly increase in stiffness is observed in the direction of the elongated cells while a decrease is observed in the direction perpendicular to it. Both FE-models with a minimised surface energy predict a similar decrease in stiffness. The Weaire-Phelan model however, predicts a larger increase in stiffness. The FE-results are compared to the model proposed by Huber and Gibson [16] . This model is based on the rudimental unit cell of Gibson and Ashby [10] and should therefore be used as a first approximating model. Regarding the experimentally determined real foam anisotropy of 1.4, the increase of the stiffness in the elongated direction is 70 to 90% compared to a foam with an anisotropy of 1 with the same density. The decrease in stiffness in the direction perpendicular to it is 30% for both FE-models. modelled by different FE-models compared against the analytical model of Huber [16] . The relative density of the foam is 2%.
Conclusions
Within this study the elastic behaviour of an open cell polyurethane foam was analysed. This was done by quantifying the morphology of the cellular structure, experimental compression tests and FE-modelling. Optical and scanning electron microscopy proved to be very useful to visualise and analyse the cellular morphology. The number of edges per face and number of faces per cell was determined and compared to literature and different possible FE-unit cells. The classical Kelvin cell and more complex WeairePhelan cell structures were selected to be used as a unit cells for the FE-models. The main advantage of the Weaire-Phelan cell is the presence of pentagonal faces which agrees with experimental observations and meets the absence of them in the Kelvin cell structure.
Experimental compression tests on two flexible open cell polyurethane foams with identical density and different cell size revealed a pronounced sample size and damage effect. This was taken into account, using the sample size effects model of Onck et al. [12] . As a conclusion sample size and preparation method should be thoroughly considered in advance.
The use of surface evolver allows us to construct FE-models with a remarkable similarity to real foam topologies. and agreed with known relationships in literature. The stiffness and poisson ratio predictions as a function of density of the Weaire-Phelan topology nearly coincide with the Kelvin cell results. However, the Weaire-Phelan based FEmodel indicates a higher sensitivity of the shear stiffness on the foam density and of the stiffness on the anisotropy value. Therefore, it should be noted that the topology of the FE-models should match the topology of real foam structures as good as possible. The use of completely random foam FE-structures is however not advisable because of the large computational power which would be needed. The models with minimised surface energy, presented in this paper, strike the golden mean between a high degree of similarity to a real open cell foam and the need for low computational effort.
